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S p a c e a n d t im e a r e c o n c e p t s t h a t s e e m t o b e e m -
b e d d e d in o u r v e r y c o n s c io u s n e s s . A s w e g r o w
u p , o u r i`n t u it iv e u n d e r s t a n d in g ' o f t h e s e c o n -
c e p t s s e e m s t o g r o w a s w e ll. A n d y e t t h e fa c t
is t h a t o u r u n d e r s t a n d in g o f s p a c e -t im e in t h e
d e e p e s t s c ie n t i¯ c s e n s e is fa r fr o m c o m p le t e , a l-
t h o u g h w e h a v e c o v e r e d a c o n s id e r a b le d is t a n c e
a lo n g t h e r o u t e . T h e r e m a y s t ill b e m a n y s u r -
p r is e s a w a it in g u s o n t h e r o a d a h e a d .
1 . I t B e g a n w it h G e o m e t r y
A ll o f u s h a v e so m e in tu itiv e id e a s a b o u t th e n a tu re s
o f sp a c e a n d tim e in w h ich w e a re e m b ed d e d . S p a ce
a p p e a rs to b e th e sta g e o n w h ich a ll e v e n ts, ex p eri-
e n ce s a n d p h en o m e n a ta k e p la ce , w h ile tim e is lik e a
b a ck g ro u n d a g a in st w h ich th is h a p p en s. A ll o b je c ts, in -
c lu d in g o u rselv e s, e x ist in sp a c e a n d ch a n g e w ith tim e.
In th is a rtic le , w e sh a ll d e sc rib e in sim p le a n d q u a lita -
tiv e te rm s h o w o u r u n d e rsta n d in g o f sp a ce a n d tim e h a s
d e v e lo p e d o v e r th e c en tu ries, a n d w h a t w e h a v e le a rn t
a b o u t th e ir p ro p erties. W e w ill se e th a t m a n y stra n d s
c o m e to g eth e r in th is sto ry { n o t o n ly fro m m a th e m a tic s
a n d p h y sic s, b u t a lso , in so m e im p o rta n t re sp e c ts, fro m
b io lo g y .
In o n e o f h is e ssa y s, S ch rÄo d in g e r1 sa y s th is a b o u t th e e m -
in en t p h ilo so p h er Im m a n u el K a n t (1 7 2 4 { 1 8 0 4 ): \ K a n t
... term ed spa ce a n d tim e, a s h e kn ew th em , th e fo rm s
o f o u r m en ta l in tu itio n { spa ce bein g th e fo rm o f exter-
n a l, tim e th a t o f in tern a l, in tu itio n ." W e b e g in w ith
th is q u o ta tio n b o th b e ca u se it is so p ro fo u n d a n d b e -
c a u se so m e o f K a n t's o th e r id ea s w ill a p p e a r la te r o n .
A ll o f u s h a v e a t le a st a p re lim in a ry o r c o m m o n -se n se
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1 The great physicist Erwin
Schrödinger (1887–1961; Nobel
Prize in Physics, 1933), who dis-
covered wave mechanics and
was one of the founders of quan-
tum mechanics, was also a won-
derfully lucid writer on many pro-
found subjects. His famous
books include Science and Hu-
manism, Expanding Universes,
Statistical Thermodynamics,
What is Life?, Mind and Matter,
My View of the World, Space-
Time Structure, and Nature and
the Greeks.
2 It is an interesting fact that
about 80% of our sensory input
comes from our eyes, and about
40% of our brain capacity is de-
voted to processing visual infor-
mation – we are very ‘visual’
creatures.
u n d e rsta n d in g o f th e n a tu re o f sp a ce th ro u g h o u r sen ses,
m a in ly sig h t a n d to u ch .2 W e se e o b je c ts a rra n g ed in v a r-
io u s w a y s re la tiv e to o n e a n o th e r; w e to u ch th em if th ey
a re n ea rb y ; w e d e v e lo p a fee lin g fo r sh a p e , d ista n c e , p e r-
sp ec tiv e ; a n d so o n . T h u s, th ro u g h d irec t sen so ry e x p e -
rie n c e s, sp a c e se e m s to h a v e a d e ¯ n ite ch a ra c te r, e v e n
th o u g h th e id e a o f sp a c e b y itse lf is q u ite a b stra c t. T im e,
o n th e o th er h a n d , is m o re su b tle . W e c a n n o t re a ch it
th ro u g h o u r sen ses d ire c tly ; w e c a n e x p e rie n c e it a n d b e
a w a re o f its p a ssa g e o n ly in te rn a lly th ro u g h th e m in d
in a n o n -sen so ry w a y . B e c a u se w e c a n n o t se e o r to u ch
tim e , e x te n sio n in sp a ce se em s a little e a sie r to g ra sp
th a n d u ra tio n in tim e . T h u s, sp a c e h a s to b e a b stra cte d
fro m e x tern a l ex p erien ce , tim e fro m in te rn a l e x p e rie n c e.
O v e r a n d a b o v e th is su b tle ty, sp a c e a n d tim e a re re -
a lly n o t sim p le c o n c e p ts a t a ll. A n o b v io u s fu n d a m en ta l
d i® e ren c e b e tw e e n th e tw o is th a t sp a c e a p p ea rs to b e
c` o n tro lla b le' { in th e sen se th a t w e ca n m o v e fro m o n e
p o in t to a n o th er, w ith se e m in g ly a rb itra ry free d o m . O n
th e o th e r h a n d , tim e se em s to b e so m e th in g o v e r w h ich
w e h a v e n o c o n tro l { it ju st m a rch e s in e x o ra b ly o n . W e
a re c a u g h t u p in th is m a rch w ith n o a p p a re n t ch o ic e.
T h e o ld a d a g e { t`im e a n d tid e w a it fo r n o m a n ' { ca p -
tu re s th is n o tio n p e rfec tly. T h is a lso m e a n s th a t w e h a v e
m em o ries o f w h a t h a s h a p p en e d u p till n o w , b u t n o id e a
o f w h a t th e fu tu re h o ld s (c o n tra ry to w h a t so o th sa y e rs
a n d h o ro sco p e -w rite rs m ig h t tell y o u !)
L e t u s b eg in w ith sp a ce . T h e w o rd geo m etry , a s y o u
k n o w , m e a n s m` e a su rin g th e ea rth (o r la n d )'. T h e o ri-
g in s o f g eo m e try g o b a ck se v e ra l m illen n ia to th e g re a t
E g y p tia n c iv iliz a tio n (se e a lso B o x 1 ). G e o m e try a ro se
in a n c ie n t E g y p t fro m th e re p e a te d n e ed to su rv e y a n d
re -esta b lish b o u n d a ries o f la n d h o ld in g s a fte r th e a n n u a l
° o o d s o f th e riv er N ile . H e re is a p a ssa g e fro m th e G re ek
tra v e lle r a n d h isto ria n H e ro d o tu s (4 8 2 ? { 4 3 4 ? B C ):
\ T h e K in g m o reo ver (so th ey sa id ) d ivid ed th e co u n try
a m o n g a ll th e E gy p tia n s by givin g ea ch a n equ a l squ a re
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B o x 1 . T h e O r ig in s o f G e o m e t r y
Ancient Babylon and Egypt are well known as the civilizations in which the sub j ect of
geomet ry originated. However, there were other nodal centres as well. You are undoubt-
edly familiar with some of the great and unique achievement s of ancient Indian mathemat-
ics, such as t he invention of the decimal place-value system of numb ers, negative numbers,
and zero. It is important to note that these remarkable mathematical advances (which
t ook place from about 500 AD onwards) were preceded by equally signi¯cant achieve-
ments in the Indian sub-continent in even earlier times. In recent years, much new light
has been shed on the scope and advanced nature of truly ancient Indian mathematics. It
is being gradually recognized that ancient India (especially the Indus Valley Civilization)
was in many respects (including mathematics) fully the peer of the ancient Egyptian and
Babylonian civilizations. The historians of science J J O 'Connor and E F Robertson (see
htt p://www-hist ory. mcs.st-andrews.ac.uk/HistTopics/Indian mathematics.html) write,
\. . . the study of mathematical astronomy in India goes back to at least the t hird mil-
lennium BC and mathematics and geometry must have existed to support this study in
ancient t imes." They go on to quote V G Childe in N e w L ig h t o n th e M o st A n c ie n t E a st
(Routledge and Kegan Paul Lt d. , London, 1952) : \India confronts Egypt and Babylonia
by the 3rd millennium with a thoroughly individual and independent civilization of her
own, t echnically the p eer of the rest." What is clear is that astronomy was a prime mo-
t ivat ing factor behind the development of geometry, trigonometry and related topics in
ancient India.
Geometry was the
product of practical
human needs to
measure space,
much as trade and
commerce led to
arithmetic.
pa rce l o f la n d , a n d m a d e th is h is so u rce o f reven u e, a p -
po in tin g th e pa y m en t o f a yea rly ta x. A n d a n y m a n w h o
w a s ro bbed by th e river o f a pa rt o f h is la n d w o u ld co m e
to S eso stris a n d d ecla re w h a t h a d befa llen h im ; th en th e
K in g w o u ld sen d m en to loo k in to it a n d m ea su re th e
spa ce by w h ich th e la n d w a s d im in ish ed , so th a t th ere-
a fter h e sh o u ld pa y th e a p po in ted ta x in p ro po rtio n to
th e lo ss. F ro m th is, to m y th in kin g, th e G reeks lea rn ed
th e a rt o f m ea su rin g la n d ."
S o g eo m e try w a s th e p ro d u c t o f p ra c tica l h u m a n n e e d s
to m e a su re sp a ce , m u ch a s tra d e a n d c o m m e rc e led to
a rith m etic. S im ila rly , th e p ra c tica l n e ed to m e a su re tim e
(fo r e x a m p le , to k ee p tra ck o f d a ily su n rise s o r th e a n -
n u a l ° o o d s) g a v e rise to c lo ck s a n d c a le n d a rs. H u m a n
sc ie n ti¯ c a n d te ch n o lo g ica l p ro g re ss h a s re q u ire d e v e r-
m o re a c c u ra te c lo ck s. A b rief h isto ry o f tim e k ee p in g
o v e r th e c e n tu rie s is p re se n te d in B o x 2 .
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B o x 2 . A B r ie f H is t o r y o f T im e k e e p in g
Timekeeping on earth by nat ure is as old as the planet itself, since all it requires is a
p eriodic process. The periodic rotation and revolution of the earth give rise to daily
and yearly cycles, which have been used by nature as a clock much before human b eings
evolved. Many living organisms including humans show daily (or diurnal) rhythms reg-
ulated by the sun, and seasonal patt erns that rep eat every year. It is therefore natural
t hat the earliest man-made clocks also relied on the sun. One example was the sundial,
which consisted of a pointer and a calibrated plate on which the pointer cast a moving
shadow. Of course this worked only when the sun was shining. The need to tell the time
even when the sun was not out, such as on an overcast day or at night, made it necessary
t o invent ot her kinds of clocks.
The earliest all-weather clocks were water clocks, which were stone vessels with sloping
sides that allowed water to drip at a constant rate from a small hole near t he bottom.
Markings on t he inside surface indicated the passage of time as t he wat er level reached
t hem. O ther clocks were used for measuring small int ervals of time. Examples included
candles marked in increments, oil lamps wit h marked reservoirs, hourglasses ¯lled with
sand, and small stone or metal mazes ¯lled with incense that would burn at a constant
rat e.
Time measurements became signi¯cantly more accurate with the advent of t he pendulum
clock in the 1 7th cent ury. Galileo had studied t he motion of the pendulum as early
as 1 582, but the ¯rst pendulum clock was built by Christiaan Huygens (1 629{1695)
only in 1 656. As we know from high-school physics, the time p eriod of a pendulum
executing small-amplitude oscillations depends only on its length and the accelerat ion
due to gravity. Huygens' clock had an unprecedentedly small error of less than 1 minute
p er day. Later re¯nements allowed him to reduce it to less than 1 0 seconds a day.
While very accurate compared to previous clocks, pendulum clocks still showed signi¯cant
variations, because a change of j ust a few degrees in the ambient temp erature could
change the length of the pendulum (owing to thermal expansion) . Many clever schemes
were therefore devised in t he 1 8th and 19th centuries t o comp ensate for such changes in
length.
In the history of clockmakers, the name of the great horologist John Harrison (1 693{
1 776) stands out. He constructed many `marine chronometers' { highly accurate clocks
t hat were used on ships t o tell the time from t he st art of the voyage. A comparison
of lo ca l n o o n (that is, the time at which the sun was at its highest point) with the
t ime on t he clock (which would give the time of the noon at the starting point ) could
b e used to det ermine with precision the longitude of t he ship' s current posit ion. The
British government had inst itut ed the Longitude P rize so that ships could navigate on
t ransatlantic voyages without gett ing lost. Harrison designed and built several prize-
winning clocks based on the oscillat ions of a balance wheel. These marit ime clocks
had t o maintain their accuracy over lengthy and rough sea voyages wit h widely-varying
Box 2. continued...
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Box 2. continued...
T h e scie n ce o f g e o m etry m u st h a v e d e v e lo p e d g ra d u a lly.
F ro m th e E g y p tia n s th is k n o w led g e o f len g th , d ire ctio n ,
a re a a n d sh a p e p a sse d in to th e h a n d s o f th e G re ek s,
w h o se em to h a v e h a d a sp e c ia l g ift fo r th is su b je ct a n d
fo r a b stra c t th in k in g in g e n era l. A ro u n d 3 0 0 B C , th is
m a th e m a tic a l k n o w led g e w a s c o d i¯ e d a n d p re se n te d in
a b e a u tifu lly o rg a n iz e d fo rm b y E u c lid o f A le x a n d ria
(circa 3 2 5 { 2 6 5 B C ). H is E lem en ts b ec a m e th e su p re m e
p a tte rn { o r p a ra d ig m { fo r m a th e m a tic a l p rec isio n a n d
rig o u r, in d e ed fo r a ll in te llec tu a l w o rk , fo r m a n y c e n -
tu rie s. S ta rtin g fro m a fe w d e ¯ n itio n s a n d a x io m s (o r
p o stu la te s), w h ich see m ed se lf-ev id en t a n d c o n siste n t,
a n d p ro ce e d in g b y a series o f lo g ic a l step s, m a n y
conditions of t emperature, pressure and humidity. The amazing features of Harrison's
chronometer are exempli¯ed by the fact that, on a voyage from London to Jamaica, the
clock only lost 5 seconds, corresp onding t o an error in distance of 1 mile! Harrison's heroic
story is brilliantly narrated by Dava Sobel in her book, L o n g itu d e : T h e T ru e S to ry o f a
L o n e G e n iu s W h o S o lv ed th e G rea te st S c ie n ti¯ c P ro b le m o f H is T im e (Penguin Reprint
Edition, 1 996) .
However, all such mechanical clocks su®ered from unpredictable changes in timekeeping
accuracy owing to wear and tear of the moving parts. Clock accuracies improved dra-
matically in the ¯rst half of the 20th century with the development of the quartz cryst al
oscillator. These clocks rely on a property of quartz called piezoelectricity, wherein a me-
chanical deformat ion produces an electrical signal (voltage) , and vice versa. A vibrat ing
cryst al therefore produces a periodic electrical signal which acts as a precise clock. (For
practical reasons, the frequency of the crystal or ` resonat or' is usually adjusted t o be as
close to 32768 or 2 1 5 Hz as possible. This is t hen stepped down by successive digit al
dividers to 1 Hz. ) Today, we have the ubiquitous and inexpensive quartz wristwatch that
is accurate to wit hin a few seconds over a mont h, and one does not have to worry about
winding the clock every day or replacing the battery more than once a year or so.
Life in our technology-driven society needs ever more precise timekeeping. Computers,
manufacturing plants, electric p ower grids, satellite communication { all these depend
on ultra-precise timing. The Global Positioning Syst em (GPS) , which determines the
p osition of a receiver by t riangulating with respect to the three nearest satellites, re-
quires timing accuracy of 1 part in 1 01 2 . Modern atomic clocks, based on the oscillat ion
frequency within an atom, have this kind of accuracy. But scient i¯c and technological
needs keep pushing the requirement ever higher. Today' s b est atomic clocks have an
accuracy of 1 part in 1 01 4 , or an error of 1 second in 3 million years. We have indeed
come a long way from the pendulum clock of j ust a few centuries ago.
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Results which
were implicit in the
starting axioms
were made explicit,
or brought out into
the open, by logical
arguments.
Newton presented
all his derivations
using geometrical
arguments.
th e o re m s w ere d e riv ed a s c o n seq u e n c es. T h u s, re su lts
w h ich w e re im p licit in th e sta rtin g a x io m s w e re m a d e
e x p licit, o r b ro u g h t o u t in to th e o p en , b y lo g ica l a rg u -
m en ts. F ro m th e ec o n o m y o f th e a x io m s o n e co u ld p a ss
to th e w ea lth o f d e riv e d c o n se q u e n ce s. A ch ie v in g th is
sty le o f th in k in g w a s a g re a t in telle c tu a l ste p fo rw a rd .
2 . T h e N e w t o n ia n W o r ld v ie w
W e n o w p a ss o v e r sev era l ce n tu rie s a n d co m e to th e b irth
o f m o d e rn sc ie n c e. G a lile o G a lile i (1 5 6 4 { 1 6 4 2 ) is g e n e r-
a lly re g a rd e d a s th e ¯ rst m o d ern sc ien tist. In h is w rit-
in g s h e sa y s c le a rly th a t m a th e m a tics is th e la n g u a g e
o f N a tu re : \ It is w ritten in m a th em a tica l la n gu a ge."
S o o n a fte r, in th e la tter p a rt o f th e 1 7 th c en tu ry , th e
¯ rst cle a r sta te m en ts a b o u t sp a c e a n d tim e w e re g iv e n
b y Isa a c N ew to n (1 6 4 3 { 1 7 2 7 ) in h is m o n u m e n ta l th re e -
v o lu m e w o rk o n th e m a th e m a tica l p rin c ip le s o f n a tu ra l
p h ilo so p h y , u su a lly refe rred to a s th e P rin cip ia fo r sh o rt.
T h e sty le o f th is w o rk is a lso E` u c lid e a n ' { a sm a ll n u m -
b e r o f d e ¯ n itio n s a n d la w s a re g iv e n a t th e b eg in n in g ,
a n d m a n y th e o re m s a re th e n p ro v ed a s c o n se q u en ce s. In
fa c t, N e w to n w e n t so fa r a s to p re se n t a ll h is d e riv a tio n s
u sin g g e o m etrica l a rg u m e n ts (\ co n m o re geo m etrico " ).
A b o u t sp a c e a n d tim e, h e sa y s th a t a lth o u g h th e y a re
c o m m o n ly th o u g h t o f in rela tio n to m a te ria l o b je c ts
p la c ed in th e m , h e w o u ld d e ¯ n e th e m o n th e ir o w n . H ere
a re h is fa m o u s sta tem e n ts fro m th e o p en in g p a g es o f th e
P rin cip ia :
\ A bso lu te, tru e, a n d m a th em a tica l tim e, o f itself, a n d
fro m its o w n n a tu re, ° o w s equ a bly w ith o u t rela tio n to
a n y th in g extern a l, a n d by a n o th er n a m e is ca lled d u ra -
tio n ."
\ A bso lu te spa ce, in its o w n n a tu re, w ith o u t rela tio n to
a n y th in g extern a l, rem a in s a lw a ys sim ila r a n d im m o v-
a ble."
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3 Thus, Newton treated space
and time as quantities that ap-
peared in his laws of motion as
independent variables, while
other physical quantities were
functions of these. We have
already noted the ‘controllabil-
ity’ of space, in contrast to the
‘inevitability’ of time. These ideas
are embodied in Newton’s con-
ception by supposing that ob-
jects exist in space, but evolve
in time. The evolution in time
was determined by his theory of
fluxions, which we study today
as differential calculus.
N e w to n a ssu m e d , o f c o u rse, th a t sp a c e o b e y e d th e la w s
o f E u clid ea n g e o m e try.
It m u st b e e m p h a siz ed th a t, fo r th e fu rth er d e v e lo p m en t
o f sc ien c e , it w a s v ery im p o rta n t th a t N e w to n e x p la in e d
so c le a rly h is v ie w s a b o u t sp a c e a n d tim e. T h e y c o u ld b e
e x a m in e d in a ca refu l w a y, a n d m a d e th e b a sis fo r fu rth e r
p ro g ress. N e w to n 's v ie w s w e re a lrea d y critic ize d in h is
o w n life tim e b y th e p h ilo so p h e r G e o rg e (B ish o p ) B e rk e -
le y (1 6 8 5 { 1 7 5 3 ) a n d th e g rea t m a th e m a tic ia n , p h y sicist
a n d p h ilo so p h e r G o ttfried W ilh e lm v o n L e ib n itz (1 6 4 6 {
1 7 1 6 ). T h e la tte r fe lt th a t th e re w a s n o n ee d to th in k
o f sp a c e a p a rt fro m th e re la tio n o f m a te ria l o b jec ts to
o n e a n o th e r a n d d e cla re d : \ I h o ld spa ce to be so m eth in g
p u rely rela tive a s tim e is." M u ch la te r, in th e la te 1 8 0 0 's,
th e A u stria n p h y sic ist-p h ilo so p h e r E rn st M a ch (1 8 3 8 {
1 9 1 6 ) a lso c ritica lly e x a m in e d N e w to n 's v ie w s, n o t o n ly
a b o u t sp a c e a n d tim e , b u t a b o u t m e ch a n ic s a s w ell. A ll
th is o n ly e m p h a size s th e c ru c ia l ro le a n d im p o rta n ce
o f N e w to n 's u n a m b ig u o u s sta te m en ts. A lb ert E in stein
(1 8 7 9 { 1 9 5 5 ; N o b el P riz e, 1 9 2 1 ) h im se lf a ck n o w le d g e d
th is fa c t w h e n h e sta ted in o n e o f h is e ssa y s, \ ... w h a t
w e h a ve ga in ed u p till n o w w o u ld h a ve been im po ssible
w ith o u t N ew to n's clea r sy stem ."
T h is N ew to n ia n p ictu re o f sp a c e a n d tim e se rv e d p h y sic s
e x tre m ely w ell fo r o v er tw o c en tu ries. T h e w o rd a` b -
so lu te ' in h is sta tem e n ts is im p o rta n t: it stro n g ly su g -
g e sts th a t sp a c e a n d tim e th em se lv es a re u n a ® e c ted b y
a ll th e p h y sica l p ro c e sse s th a t o c c u r in th e m .3 O n ce
a g a in , E in stein co n v ey s th e e sse n c e o f th is id e a v e ry w ell:
h e sa y s a` b so lu te ' m ea n s \ ... p h ysica lly rea l ... in d epen -
d en t in its p h y sica l p ro perties, h a vin g a p h y sica l e® ect,
bu t n o t itself in ° u en ced by p h y sica l co n d itio n s." F o l-
lo w in g h is sta te m en ts o n th e a b so lu te n a tu res o f sp a ce
a n d tim e , N e w to n g iv es h is th re e la w s o f m o tio n , w h ich
w e lea rn a t sch o o l. M u ch la ter, to w a rd s th e en d o f th e
P rin cip ia , h e in tro d u c e s h is L a w o f U n iv e rsa l G ra v ita -
tio n . W e d o n o t g o in to N e w to n ia n m e ch a n ic s o r th e
Newton assumed
that space obeyed
the laws of
Euclidean
geometry.
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4 As it happens, he was wrong
on both counts (for reasons he
could not have foreseen). A pro-
found lesson about nature is to
be learnt here. See Box 3.
in v erse sq u a re la w o f g ra v ita tio n , a s o u r fo c u s is o n sp a ce
a n d tim e. B u t w e m e n tio n h ere th a t g en e ra l re la tiv -
ity (E in stein 's th eo ry o f g ra v ita tio n , u n v e ile d b y h im in
1 9 1 5 { 1 6 ) ch a n g e d p rec ise ly th e N e w to n ia n a ssu m p tio n
o f th e a b so lu te n e ss o f sp a c e a n d tim e . W e w ill re tu rn to
th is p o in t la te r o n .
3 . S p a c e , T im e a n d H u m a n I n t u it io n
B u ild in g o n th e fo u n d a tio n s p ro v id e d b y G a lile o a n d
N e w to n , b o th m e ch a n ic s a n d a stro n o m y m a d e re m a rk -
a b le a d v a n c es d u rin g th e 1 8 th ce n tu ry. T o w a rd s th e en d ,
th e la w s o f ele ctricity a n d m a g n e tism a lso se e m e d to fo l-
lo w th e g en era l G a lile a n { N e w to n ia n p a tte rn . K a n t w a s
so im p ressed b y th ese su c c esse s th a t h e trie d to p resen t
a p h ilo so p h ic a l ju sti¯ c a tio n fo r th e m . H is m a in id ea w a s
th a t o f th e sy n th etic a p rio ri p rin c ip le s. T h e se a re n o n -
triv ia l sta te m e n ts a b o u t th e p ro p erties o f n a tu re w h ich
a re n e ce ssa rily tru e o r b in d in g , b u t th ey a re re g a rd ed a s
n o t d e riv ed fro m e x p e rien c e . T h a t is th e m ea n in g o f th e
p h ra se a` p rio ri', n a m e ly , so m e th in g k n o w n e v e n b e fo re
e x p erie n ce . A s fa r a s w e a re c o n c e rn e d h e re , K a n t re -
g a rd ed th e c o n ce p ts o f a b so lu te a n d se p a ra te sp a c e a n d
tim e , a s N e w to n h a d v ie w e d th em , a s sy n th etic a p ri-
o ri p rin cip les; so a lso th e u n ifo rm ° o w o f tim e a n d th e
E u c lid e a n g e o m etry o f sp a c e .4
K a n t cla im e d th a t a ll th e se id e a s a re a lrea d y p re se n t in
o u r m in d s b e fo re w e h a v e co n ta c t w ith , a n d ex p erie n ce
o f, n a tu re ; a n d th a t th e y m u st b e n e ce ssa rily v a lid b e -
c a u se sc ie n c e w o u ld b e im p o ssib le w ith o u t th em . T h e
m o d e rn u n d ersta n d in g o f th is m a tte r c o m es, su rp ris-
in g ly e n o u g h , fro m e v o lu tio n a ry b io lo g y . It is la rg e ly
d u e to th e w o rk o f th e z o o lo g ist a n d e th o lo g ist K o n ra d
L o ren z (1 9 0 3 { 8 9 ; N o b e l P rize , 1 9 7 3 ) a ro u n d 1 9 4 0 , fu r-
th e r d e v e lo p e d a n d d e sc rib ed b y th e m o le cu la r b io lo g ist
M a x D elb rÄu ck (1 9 0 6 { 8 1 ; N o b el P riz e , 1 9 6 9 ). T h e b a sic
id ea is th a t a s sp e cie s e v o lv e b io lo g ic a lly o v er lo n g p eri-
o d s o f tim e, g o v e rn e d b y n a tu ra l se le c tio n , th e y a c q u ire
General relativity
changed precisely the
Newtonian
assumption of the
absoluteness of
space and time.
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B o x 3 . C a u t io n : N a t u r e C a n n o t b e S e c o n d -G u e s s e d !
If a single loud message comes across from t he development s in the physical sciences and
t he life sciences during the last one hundred years or so, it is surely this: D o n o t try to
seco n d -g u e ss n a tu re ! As S herlock Holmes put it so pithily, in A S tu d y in S ca rle t, \It is
a ca p ita l m ista k e to th eo rize be fo re y o u h a v e a ll th e e v id e n ce . It b ia se s th e ju d g m e n t."
This dictum can hardly be over-emphasized when it comes to unlocking the secrets of
nature. Time and again, nature has corroborated the great geneticist and biologist J B
S Haldane (1 892{1 964) who said, \N o w m y o w n su sp ic io n is th a t th e U n iv e rse is n o t
o n ly q u ee re r th a n w e su p p o se , b u t q u ee re r th a n w e c a n su p p o se " . Both relativity and
quantum mechanics, the two cornerstones of our current understanding of the physical
universe, show us in dramatic fashion how misleading our ` intuition' can be, with re-
gard t o the most fundamental aspects of nature. We know now t hat (i) space is n o t
Euclidean, (ii) t he Newt onian assumptions of space and time as separate absolutes are
not st rictly correct, and (iii) space-time is quite complex even at the level up t o which we
understand it currently (and is likely to t urn out to be even more so at the fundament al
level) . Now, philosophy may lead to some insights int o, and systematization of, scienti¯c
knowledge. B u t it is n o t, in itse lf, a re lia b le w a y to d isco v e r sc ie n ti¯ c fa c ts. This is why
it is not appropriate to begin scienti¯c enquiry with a pre-conceived set of notions that
are p ostulated t o be ` absolute truths' simply because they appear to be self-evident or
based on ` common sense' . As Einstein pointed out, \C o m m o n se n se [in this cont ext] is
th e co llec tio n o f p re ju d ice s a cq u ired b y a g e e ig h tee n " .
As we have explained subsequently in the main text, what is meant by all this is the fol-
lowing: the ` intuition' we acquire with regard to the natural world around us is based on
t he behaviour of ob j ects and phenomena we encount er in it in everyday life, and p erceive
with our senses. For both these reasons, t he informat ion thus gat hered is restricted to
a rat her narrow range of variation (or window) of the values of physical quantities such
as mass, length, time, velocity, momentum, force, and so on. This is the so-called `world
of middle dimensions'. It informs our beliefs and our expectations (\intuition" ) regard-
ing the nature of the physical world. Broadly speaking, comprehension of the world of
middle dimensions at a certain level, and t he ability t o deal with it, has been hard-wired
into our brains for reasons based on survival in the evolutionary sense. However, t here
is absolutely no reason to exp ect that nature itself would be restrict ed to this narrow
range of values of physical quant ities, and indeed it is not { in a most spectacular way.
It turns out that our own windows of mass, length and time only encompass about seven
or eight orders of magnitude, while our present state of knowledge shows that nature and
natural phenomena extend over at least te n tim e s th a t n u m be r o f o rd e rs o f m a g n itu d e . It
is hardly surprising, then, t hat our naive, essent ially hard-wired, intuition and common
sense are t otally inadequate to comprehend the universe unaided. We need the assistance
of b etter, ¯ner and more powerful tools to do so. These are provided by our instruments
(to prob e nature) and by our mathematics (to analyze our ¯ndings) .
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a n d reta in th o se c a p a b ilitie s w h ich a re m o st u se fu l fo r
su rv iv a l. A m o n g th e se a re th e a b ilitie s to re co g n ize th e
m o st im p o rta n t p h y sic a l fe a tu re s o f th e w o rld a ro u n d
u s, co rresp o n d in g to o u r o w n sca le s o f siz e a n d tim e.
T h e se in c lu d e th e p ro p e rtie s o f sp a ce a n d tim e a s sta te d
b y N e w to n , fea tu res o f n a tu re th a t a re v a lid (to a h ig h
d e g re e o f a p p ro x im a tio n ) a t o u r o w n le v e l. T h u s, th e se
a b ilities a re th e resu lt o f slo w e x p e rie n c e o f n a tu re b y
th e sp e cies o v er im m e n se stre tch e s o f tim e , b u t to th e
in d iv id u a l m e m b er o f th e sp ec ie s th e y a re a v a ila b le a t
a n d so o n a fte r b irth . T h is is w h y th e y se e m to b e g iv e n
a p rio ri, a v a ila b le befo re a n y a c tu a l e x p e rie n c es d u rin g
life . F ro m th e p re se n t p e rsp e ctiv e , th e m a in p o in t is
th a t a ll th is rela te s o n ly to o u r w o rld o f n o rm a l e v e ry -
d a y e x p e rie n c es in life . It d o e s n o t a p p ly e ith e r to th e
su b -m icro sc o p ic w o rld o f a to m s o r, a t th e o th er en d , to
th e c o sm o s o f g a la x ie s, sin ce th e se re m o te p a rts o f n a -
tu re d o n o t a p p e a r to b e im m e d ia tely rele v a n t to o u r
d a y -to -d a y ex iste n ce .
W e re fe rred e a rlie r to o u r in tu itiv e id ea s a b o u t sp a ce
a n d tim e. N o w th is in tu itio n , a n d th e w a y it is b u ilt u p ,
a lso h a s a fa sc in a tin g e x p la n a tio n . It is n o t so m e th in g
a v a ila b le rea d y -m a d e a t b irth . R a th e r, it is a c q u ire d in
th e ea rly y ea rs o f in fa n c y o u t o f e x p erie n ce , u sin g th e
a b ilities a n d a p p a ra tu s o f se n so ry p e rc ep tio n . T h is is
w h a t b io lo g ica l e v o lu tio n g iv es to e a ch o f u s a t b irth {
n o t kn o w led ge a b o u t th e im p o rta n t fea tu re s o f n a tu re
a ro u n d u s, b u t th e ca pa city to lea rn a b o u t th em .
T h e e x p erim en ts o f th e ch ild p sy ch o lo g ist J ea n P ia g e t
(1 8 9 6 { 1 9 8 0 ) in th e 1 9 5 0 's le d to re m a rk a b le in sig h ts in to
th e le a rn in g p ro ce ss in in fa n cy a n d ch ild h o o d , in p a r-
tic u la r in to le a rn in g a b o u t sp a ce a n d tim e. It see m s
th a t th e reg u la rity o f e v e n ts o cc u rrin g so o n a fter o n e a n -
o th e r in tim e is re co g n iz ed a n d re m em b e red v e ry ea rly
o n ; w h ile th e id e a o f sp a ce c o m e s a little la te r. S e v -
e ra l y e a rs la ter c o m e th e co n c ep ts o f u n iv ersa l sp a ce
a n d tim e c o m m o n to , a n d c o n ta in in g , a ll th in g s a n d
Our intuition does not
apply either to the
sub-microscopic world
of atoms or, at the
other end, to the
cosmos of galaxies,
since these remote
parts of nature do not
appear to be
immediately relevant
to our day-to-day
existence.
The experiments of
the child
psychologist Jean
Piaget in the 1950’s
led to remarkable
insights into the
learning process in
infancy and
childhood.
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e v e n ts. P ia g et su g g e ste d th a t th e o rd er in w h ich ch il-
d re n a c q u ire co n ce p ts o f sp a c e is o p p o site to w h a t is
ta u g h t a t sch o o l a n d c o lle g e . B ro a d c o n ce p ts th a t a re
to p o lo g ic a l in ch a ra c te r { th e id ea o f n e a rn e ss, o f th e
d e fo rm a b ility o f sh a p e s in to o n e a n o th e r, a n d so o n {
a re a c q u ire d ¯ rst; n ex t, c o n ce p ts o f p ro je ctiv e g e o m etry
su ch a s d ire c tio n a n d p e rsp ec tiv e ; a n d o n ly a t th e en d ,
th e u n d e rly in g c o n ce p ts o f d ista n c e , sh a p e , siz e , c o n g ru -
e n ce , etc ., o n w h ich E u c lid e a n g e o m etry is b a sed . B u t
in fo rm a l te a ch in g th e se q u e n c e fo llo w e d is e x a ctly th e
o p p o site . E u c lid ea n g eo m etry is a lw a y s ta u g h t ¯ rst, a t
a n e lem e n ta ry le v e l. T h is is fo llo w ed , a t a m o re m a tu re
le v el o f in stru c tio n in m a th e m a tic s (o r a p p lic a tio n s o f
m a th e m a tic s), b y th e c o n c ep ts o f p ro je ctiv e g e o m e try.
T o p o lo g y is in tro d u ce d a t a n ev en m o re a d v a n ce d lev el
o f in stru c tio n !
T o su m m a riz e : W e a re b o rn w ith th e c a p a city to a c q u ire
k n o w led g e a b o u t n a tu re , n o t th e k n o w le d g e itself. N a t-
u ra l se le c tio n h a s tu n e d th ese c a p a citie s to th e a c tu a l
p ro p ertie s o f th e w o rld o f th o se d im e n sio n s (o r siz e s, o r
m a g n itu d e s) th a t a re d ire c tly a n d im m ed ia te ly re le v a n t
to o u r su rv iv a l in th e n a tu ra l en v iro n m e n t. B u t w e re -
ta in n o la ter m e m o rie s o f th is le a rn in g p ro ce ss th a t w e
g o th ro u g h in o u r in fa n c y ; a n d w h e n w e rea ch a d u lth o o d
w e im a g in e th a t w e w ere b o rn w ith a n i`n tu itiv e' k n o w l-
e d g e o f n a tu re in th is d o m a in . R e tu rn in g to L o ren z, h is
id ea s a re w e ll c a p tu re d in th e se re m a rk s b y D e lb rÄu ck :
\ ... th ere ca n be little d o u bt th a t o u r spa tia l co n cep ts
d ev elo p in ch ild h ood by w a y o f a n a d a p ta tio n to th e w o rld
in w h ich w e live ... th e cogn itive ca pa city th a t perm its
m a n to a n a lyze spa ce in geo m etric term s m u st, to a la rge
ex ten t, be evo lu tio n a rily d erived ."
In a n a p p e n d ix title d P` h y sic s a n d P erc e p tio n ' in h is
b o o k S pecia l R ela tivity , th e p h y sic ist-p h ilo so p h e r D a v id
B o h m (1 9 1 7 { 9 4 ) d e sc rib e s h o w a ch ild g ra d u a lly b u ild s
c o n c ep ts o f sp a c e a n d tim e o u tsid e o f h e rse lf, a n d th e
We are born with
the capacity to
acquire knowledge
about nature, not the
knowledge itself.
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5 Let L be a straight line of infinite
extent at both ends, and let P be
a point that does not lie on L.
The parallel postulate asserts
that there is one – and only one
– straight line passing through P
that is parallel to L.
See C R Pranesachar, Euclid
and ‘TheElements’, Resonance,
Vol.12, No.4, 2007.
6 Like so many fundamental ad-
vances, the idea of coordinate
geometry first appeared in the
appendix to a book! The title of
Descartes’ book, published in
1637, translates to Discourse
on the Method of Properly Con-
ducting One’s Reason and of
Seeking the Truth in the Sci-
ences. Nearly fourhundred years
later, the titles of scientific books
and papers today are somewhat
more specialized, if less impos-
ing!
ro le o f m e m o ry in th e c o n stru ctio n o f th e id e a s o f p a st,
p re se n t a n d fu tu re tim e . O n ly b y th e a g e o f te n o r m o re
d o es a ch ild d e v e lo p th e m e n ta l ca p a c ity to c o n ce iv e o f
a u n iv ersa l sp a c e a n d a u n iv ersa l tim e co m m o n to a ll
o b je cts a n d e v e n ts th a t a re p erc e iv ed . T h is ju st g o e s
to sh o w h o w d ee p a n d g en u in ely d i± cu lt th ese c o n c e p ts
a re , a n d th a t w e a re n o t b o rn w ith th e m .
4 . B e y o n d E u c lid e a n G e o m e t r y
A fte r th is b rie f e x c u rsio n in to b io lo g y , le t u s c o m e b a ck
to m a th em a tic s. E u c lid 's g eo m e try h a s b ee n a d m ire d
a n d stu d ie d fo r o v e r tw o th o u sa n d y e a rs. A s w e h a v e
a lrea d y sa id , th e a p p ro a ch sta rts w ith a v e ry sm a ll n u m -
b e r o f fu n d a m e n ta l p o stu la te s, a n d b u ild s u p o n th e m b y
lo g ica l a rg u m e n t. B u t fro m v e ry e a rly tim e s p e o p le w ere
p u z zle d b y th e sta tu s o f th e ¯ fth p o stu la te o f E u c lid , a lso
k n o w n a s th e p` a ra llel p o stu la te '.5 W a s it in d e p e n d e n t o f
th e ¯ rst fo u r p o stu la tes, o r c o u ld it b e d e riv ed fro m th em
(in w h ich ca se th e re w o u ld b e n o n ee d fo r a n a d d itio n a l
¯ fth p o stu la te )? E m in en t th in k e rs o v er th e c e n tu rie s
p o n d e red o v er th is p ro b lem , fro m th e a stro n o m e r a n d
g e o g ra p h e r C la u d iu s P to le m y (circa 8 5 { 1 6 5 A D ) to th e
fa m o u s m a th em a tic ia n A d ria n -M a rie L e g en d re (1 7 5 2 {
1 8 3 3 ). M a n y e q u iv a le n t re fo rm u la tio n s o f th is p o stu -
la te w e re fo u n d , b u t th e u n ch a n g in g b e lie f w a s th a t th e
g e o m e try o f sp a ce h a d to b e E u clid e a n , fo r th e sa k e o f
c o n siste n c y. A lo n g th e w a y , R e n ¶e D e sc a rte s (1 5 9 6 { 1 6 5 0 )
in v en te d th e m e th o d o f co o rd in a te s to re p resen t p o in ts
in sp a ce , so th a t th e p o w e rfu l m a th e m a tic s o f a lg e b ra
b e c a m e a v a ila b le fo r ta ck lin g p ro b le m s in g eo m e try .6
A s w e h a v e se e n , K a n t su b se q u e n tly ex p re sse d th e v ie w
th a t p h y sic a l sp a c e h a d n e ce ssa rily to o b e y th e la w s o f
E u c lid e a n g e o m etry , a n d th a t th ere w a s n o o th e r o p tio n .
A fe w d e c a d e s a fte r K a n t, in th e e a rly 1 8 0 0 's, th e ¯ -
n a l re so lu tio n o f th is lo n g -sta n d in g p ro b le m o c c u rred .
T h e ¯ fth p o stu la te w a s in d e e d in d e p e n d e n t o f th e o th -
e rs, sin ce it c o u ld b e re p la c ed in a self-c o n siste n t m a n -
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7 There is evidence that Gauss
had conceived the idea of non-
Euclidean geometry already in
1792, as a precocious teenager.
But his first mention of the sub-
ject is in a letter written in 1824.
Lobachevsky made his discov-
ery in 1826, and published his
work in 1829. This was the first
formal publication of non-Euclid-
ean geometry. Bolyai arrived at
the idea in 1823, but the first
publication of his results was
dated 1832. All three mathema-
ticians dealt with what we now
call hyperbolic geometry, appli-
cable to spaces of negative cur-
vature. Subsequently, Riemann
completed the picture with
spherical geometry, applicable
to spaces of positive curvature.
8 The list includes Bruno
Christoffel (1829–1900),
GregorioRicci-Curbastro (1853–
1925), his son-in-law Tullio Levi-
Civita (1873–1941), and Luigi
Bianchi (1856–1928), among
others. Like the Soviet tradition
in the theory of probability, and
the later Indian tradition in sta-
tistics, Italy has had a fine tradi-
tion in geometry.
n e r b y o th er a ssu m p tio n s, a n d o n e co u ld th in k o f a l-
te rn a tiv e s to E u c lid 's g e o m etry . T h is b re a k th ro u g h w a s
a ch ie v e d in d e p e n d e n tly b y th ree m a th em a ticia n s{ th e in -
c o m p a ra b le C a rl F ried rich G a u ss (1 7 7 7 { 1 8 5 5 ), a ro u n d
1 8 2 4 , b u ild in g o n h is th e o ry o f c u rv ed su rfa c es; N ik o la i
Iv a n o v ich L o b a ch ev sk y (1 7 9 2 { 1 8 5 6 ), in 1 8 2 9 ; a n d J ¶a n o s
B o ly a i (1 8 0 2 { 6 0 ) in 1 8 3 2 . T h u s w a s b o rn th e su b je c t o f
n o n -E u c lid e a n g eo m e try .7
A ro u n d th e m id d le o f th e 1 9 th ce n tu ry, G a u ss' g ifte d
stu d e n t a n d o n e o f th e g re a te st o f m a th e m a tic ia n s, B e rn -
h a rd R ie m a n n (1 8 2 6 { 6 6 ), to o k th e n e x t b ig ste p : th e
c rea tio n o f d i® e ren tia l g e o m etry . H e p re se n te d h is id ea s
in h is fa m o u s p ro b a tio n a ry lec tu re title d O n th e h y -
po th e ses th a t lie a t th e fo u n d a tio n s o f geo m etry , g iv e n a t
G Äo ttin g en o n J u n e 1 0 , 1 8 5 4 . T h e fu n d a m en ta l in sig h t
w a s to d ete rm in e th e g eo m e try o f a sp a ce sta rtin g fro m
th e d e¯ n itio n o f (th e sq u a re o f) th e in te rv a l o r d ista n ce
b e tw ee n n ea rb y p o in ts in th e sp a ce . F ro m th is, th e co n -
c ep ts o f te n so rs, p a ra llel tra n sp o rt, in trin sic d i® ere n tia -
tio n , co n n e ctio n , c u rv a tu re , e tc., co u ld a ll b e d ev elo p ed .
T h is w a s a stu p e n d o u s a ch iev em e n t, a n d m a n y g re a t
c o n trib u tio n s fro m a g a la x y o f g e o m e ters fo llo w ed .8 In
p a rtic u la r, R iem a n n 's m eth o d s w e re p o w e rfu l e n o u g h to
d e a l w ith sp a ce s o f a n y n u m b er o f d im en sio n s.
5 . M a x w e ll a n d t h e R o a d t o S p e c ia l R e la t iv it y
W e n o w co m e b a ck to p h y sic s. In 1 8 6 5 , n o t lo n g a f-
te r R ie m a n n d ev elo p ed d i® e ren tia l g e o m e try , o n e o f th e
g re a te st sc ie n tists o f a ll tim e , th e b rillia n t p h y sicist J a m e s
C lerk M a x w e ll (1 8 3 1 { 7 9 ), p u t to g e th er h is sy ste m o f
c o u p led p a rtia l d i® e ren tia l e q u a tio n s fo r tim e-d ep en d en t
e le ctric a n d m a g n e tic ¯ e ld s{ th e b a sis fo r a ll e lec tro m a g -
n e tic p h e n o m e n a . H e th e n d isc o v e red th e p o ssib ility
o f fre ely p ro p a g a tin g ele ctro m a g n e tic w a v e s, id e n ti¯ e d
th e m w ith lig h t, a n d th u s u n i¯ e d th re e ¯ e ld s o f c la ssi-
c a l p h y sic s{ e lec tricity , m a g n e tism a n d o p tic s. M a x w e ll
a ssu m ed , ta c itly, th e N ew to n ia n p ic tu re o f sep a ra te a n d
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9 For a brief but excellent over-
view of Maxwell’s ideas and dis-
coveries, see the article titled
James Clerk Maxwell: a force
for physics by F Everitt, at the
website http://physicsworld.
com/cws/article/print/26527. It is
interesting to note that the terms
field and relativity, both of which
are so basic to contemporary
physics, were first introduced in
their current senses by Maxwell.
10 Albert Abraham Michelson
(1852–1931; Nobel Prize, 1907)
and Edward Morley (1838–
1923).
a b so lu te sp a c e a n d tim e , a n d a lso b e lie v e d in th e ex is-
te n ce o f a m ed iu m , th e e` th e r', to c a rry ele ctro m a g n e tic
w a v e s.9
H o w e v e r, it so o n b ec a m e c lea r th a t th e re w a s a d e e p -
se a te d c o n tra d ictio n b etw e en N ew to n 's m e ch a n ics a n d
th e set o f e q u a tio n s e n c a p su la tin g th is n e w u n d e rsta n d -
in g o f ele ctro m a g n e tism . T h e e q u a tio n s o f m e ch a n ic s
w ere u n ch a n g ed in fo rm (o r f`o rm -in v a ria n t') u n d e r a
se t o f tra n sfo rm a tio n s o f th e sp a c e a n d tim e c o o rd in a te s
c a lle d G a lile a n tra n sfo rm a tio n s. T h e se tra n sfo rm a tio n s
a llo w fo r th e a rb itra rin e ss in th e o rig in o f th e c o o rd i-
n a te a x e s a n d o f tim e , in th e a lig n m e n t o r o rie n ta tio n
o f th e c o o rd in a te a x e s, a n d in th e ch o ic e o f th e in e rtia l
fra m e o f re fere n c e u se d to a n a ly ze th e m ech a n ica l sy s-
te m . T im e , o f c o u rse , is a ssu m e d to °` o w in e x o ra b ly '
a t e x a c tly th e sa m e ra te in a ll m u tu a lly in e rtia l fra m e s
o f refe re n ce . A sto n ish in g ly e n o u g h , M a x w ell's e q u a tio n s
d id n o t sh a re th e p ro p erty o f fo rm -in v a ria n c e{ th ey d id
n o t rem a in u n ch a n g ed in fo rm u n d e r G a lilea n tra n s-
fo rm a tio n s! T h is, in tu rn , im p lie d th a t th e e th er h a d
a sp ec ia l fea tu re th a t c o u ld b e e sta b lish e d e x p e rim e n -
ta lly : M a x w e ll p ro p o se d ele ctro m a g n e tic ex p erim e n ts
w h ich c o u ld d e tec t th e m o tio n o f th e e a rth th ro u g h th e
e th er, th e m ed iu m th a t h e b e lie v e d to b e a t, a n d in fa c t
d e ¯ n e d , a bso lu te rest. (R e m e m b er th a t, in G a lile a n {
N e w to n ia n m ech a n ics, th e re is n o su ch th in g a s a b so lu te
re st.) H o w e v e r, th e fa m o u s a n d c ru cia l ex p e rim e n ts o f
M ich elso n a n d M o rle y,1 0 d o n e in 1 8 8 7 , fa ile d to d e tec t
th e e x p ec te d e ® e c ts, a n d th is led to a c risis. M a n y
g re a t ¯ g u re s in p h y sic s a n d m a th em a tic s, in c lu d in g H e n -
d rik A n to o n L o re n tz (1 8 5 3 { 1 9 2 8 ; N o b e l P rize , 1 9 0 2 ) a n d
H e n ri P o in c a r¶e (1 8 5 4 { 1 9 1 2 ) w o rk e d o n a tte m p ts to se t-
tle th is serio u s issu e .
T h e ¯ n a l reso lu tio n o f th e p ro b le m c a m e in 1 9 0 5 , w ith
E in ste in 's S p ec ia l T h e o ry o f R e la tiv ity . It tu rn ed o u t
th a t N e w to n 's m e ch a n ic s h a d to b e m o d i¯ e d to fa ll in
lin e w ith M a x w e ll's e le c tro m a g n etism ! It w a s th e la t-
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te r th a t led to a n e w a n d m o re c o rre c t v ie w o f sp a ce
a n d tim e, a n d m ech a n ic s h a d to b e m a d e c o n sisten t
w ith th is v ie w . It b e c a m e c le a r th a t th e eq u a tio n s o f
b o th m ech a n ics a n d elec tro m a g n e tism w o u ld h a v e to
b e fo rm -in v a ria n t u n d e r a c o m m o n set o f tra n sfo rm a -
tio n s o f th e sp a c e a n d tim e c o o rd in a te s, co m p risin g th e
so -ca lle d P o in c a r¶e g ro u p (a lso k n o w n a s th e in h o m o g e -
n e o u s L o ren tz g ro u p ). N e w to n 's se p a ra te a n d in d iv id -
u a lly a b so lu te sp a c e a n d tim e w e re rep la c e d b y a n e w
u n i¯ ed sp a ce -tim e w h ich a lo n e w a s a b so lu te , th e sa m e
fo r a ll o b se rv e rs. B u t e a ch o b se rv e r sep a ra te s sp a ce -tim e
in to h er o w n sp a c e a n d h e r o w n tim e in h e r o w n w a y.
T h e e a rlie r G a lile a n tra n sfo rm a tio n s o f sp a c e a n d tim e
g a v e w a y to n e w tra n sfo rm a tio n s n a m ed a fter L o re n tz,
a n d th ese fo rm th e b a sis o f sp e c ia l re la tiv ity . N ew to n
h a d p o sited th a t tim e w a s u n iv e rsa l, th e sa m e fo r e v e ry -
o n e , ° o w in g in ex o ra b ly fro m th e p a st in to th e fu tu re . If
tw o e v e n ts o c c u rred sim u lta n e o u sly , a ll o b serv ers w o u ld
a g ree o n it. B u t n o w , w ith th e sp e c ia l th e o ry o f re la tiv -
ity , th a t w a s sh o w n to b e u n tru e. S im u lta n eity is n o t
a b so lu te, b u t d e p en d s o n th e fra m e o f re fe ren c e . T w o
e v e n ts th a t o c c u r sim u lta n e o u sly a c co rd in g to o n e o b -
se rv e r n e e d n o t d o so fo r a n o th e r o b serv er in a d i® e ren t
fra m e o f refe ren ce . A c c o rd in g to th e L o re n tz tra n sfo r-
m a tio n s, n o t o n ly th e c o o rd in a te s o f p o in ts in sp a c e,
b u t a lso th e tim es o f e v e n ts ch a n g e in a sp e c i¯ c m a n n e r
fro m o n e re fe ren c e fra m e to a n o th e r. A s a c o n seq u e n c e,
th e d ista n c es b e tw e en o b jec ts o r ev en ts, a s w e ll a s th e
tim e in te rv a ls b e tw e e n e v e n ts, a lso v a ry fro m o n e fra m e
o f re fere n c e to a n o th e r. E v e n th o u g h sp a ce a n d tim e
re m a in p ro fo u n d ly d i® e re n t in th eir p h y sic a l ch a ra c te r-
istic s, th e n e w ru le s o f tra n sfo rm a tio n u n ite th e m m u ch
m o re clo se ly th a n is th e ca se in th e G a lile a n { N ew to n ia n
w o rld v ie w .
E v e n in sp e c ia l rela tiv ity, th o u g h , co m b in ed sp a ce -tim e
re m a in s a b so lu te . Its q u a n tita tiv e ch a ra c te riz a tio n b y
d i® e ren t o b serv ers (u sin g m e tre ro d s, c lo ck s a n d th eir
The earlier
Galilean
transformations of
space and time
gave way to new
transformations
named after
Lorentz, and these
form the basis of
special relativity.
The distances
between objects or
events, as well as
the time intervals
between events,
also vary from one
frame of reference
to another.
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11 “A field theory par excellence”
– L D Landau and E M Lifshitz,
The Classical Theory of Fields,
4th edition, Butterworth–
Heinemann, 1980.
12 The eminent physicist John
Archibald Wheeler (1907–2008)
was one of the world’s leading
experts on gravitation. As you
may know, he coined the term
‘black hole’.
The very geometry of
space-time, which
Einstein identified with
gravitation, now
becomes changeable
and dynamical.
e q u iv a le n ts) is en co d e d in th e L o re n tz tra n sfo rm a tio n
ru les. It se rv e s a s th e sta g e fo r a ll p h y sica l p h e n o m e n a ,
bu t is u n a ® ected by th em .
6 . G e n e r a l R e la t iv ity : D y n a m ic a l S p a c e -T im e
T h e e sse n tia lly ¯ n a l step (w ith in th e fra m ew o rk o f c la s-
sica l p h y sic s) in th e d ev elo p m e n t o f o u r u n d e rsta n d in g o f
sp a ce a n d tim e o cc u rre d w ith E in ste in 's G en e ra l T h e o ry
o f R ela tiv ity , w h ich h e co m p le ted in 1 9 1 5 . T h is is a th e -
o ry o f su p erla tiv e b ea u ty .1 1 In it, ¯ n a lly , sp a ce a n d tim e
n o lo n g e r re m a in a sta g e o n w h ich p h y sic a l p ro c e sse s
ta k e p la c e , b u t th e m se lv es b e co m e a c to rs o r a c tiv e p a r-
tic ip a n ts in th e p ro c e e d in g s. T h e sp irit b e h in d th is id e a
is b e a u tifu lly e x p ressed b y E in stein :
\ It is co n tra ry to th e m od e o f th in kin g in scien ce to co n -
ceive o f a th in g ... w h ich a cts itself, bu t w h ich ca n n o t be
a cted u po n ."
T h e v e ry g eo m e try o f sp a c e -tim e , w h ich E in ste in id en ti-
¯ e d w ith g ra v ita tio n , n o w b e c o m e s ch a n g e a b le a n d d y -
n a m ica l. G eo m e try a c ts u p o n m a tte r a n d e lec tro m a g -
n e tism , a n d in tu rn is a cte d u p o n b y th em . In th e
e x p re ssiv e w o rd s o f W h ee le r:1 2 \ S pa ce-tim e tells m a tter
h o w to m o ve, m a tter tells spa ce-tim e h o w to cu rve." In
g e n e ra l re la tiv ity , E in stein u se d ex te n siv e ly th e m a th e -
m a tic s in itia ted b y R iem a n n a n d d ev elo p ed fu rth er b y
C h risto ® el, R ic ci, L ev i-C iv ita a n d o th e rs. B u t th e fu n -
d a m e n ta l p h y sica l se n se in w h ich h e w e n t b e y o n d R ie -
m a n n w a s th a t, fro m th e g e o m etrica l p o in t o f v ie w , tim e
w a s trea ted o n th e sa m e fo o tin g a s sp a c e, in sp ite o f th e
p ro fo u n d d i® e ren c e s b e tw ee n th e m . T h is w a s so m e th in g
R ie m a n n h a d n o t fo re se e n . It b ec a m e p o ssib le o n ly b e -
c a u se sp e c ia l re la tiv ity h a d a lrea d y b ee n d e v e lo p e d (b y
E in ste in h im se lf). A m o re d e ta ile d d isc u ssio n o f g en e ra l
re la tiv ity re q u ire s m a th em a tics, a n d w e d o n o t g o in to
th is h e re. H o w e v e r, w e d e scrib e so m e o f th e re le v a n t
sa lien t fe a tu re s o f g e n e ra l re la tiv ity in B o x 4 .
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B o x 4 . A P a e a n t o G e n e r a l R e la t iv it y
There were three unique features about general relativity that Einstein found appealing.
They also represented part of the reason for his lifelong opposition to quantum mechanics
as an approach to understanding nature. He believed that quantum mechanics was indeed
successful in describing nature within its domain of applicability, and that a future uni¯ed
¯eld theory would have to reproduce the results of quantum mechanics, p erhaps as a
linear approximation to a deeper nonlinear theory. If t rue, this would be similar to how
t he relativistic gravitational ¯eld of general relativity (with a ¯nite propagation speed of
t he gravitational force) led to Newton' s law of gravitation (with its act ion-at -a-distance
force) in the non-relativistic limit . But Einstein was convinced t hat quantum mechanics
was not the correct approach to deducing the fundamental laws of physics. The t hree
imp ortant feat ures of general relativity were as follows.
² With the equations of general relativity, Einstein found that space-time was no longer
j ust a passive stage on which particles and ¯elds performed t heir acts, but was an active
part icipant in the performance. Thus, t he geometric struct ure of space-time was deter-
mined by t he matt er in it, and of course the matt er responded to this geometry and was
constrained by its structure.
² General relativity was t he ¯rst theory in physics that was inherently nonlinear. An
imp ortant consequence of this was that t he equat ion of motion of an in¯nitesimal test
part icle in the gravitational ¯eld of a massive ob j ect was contained in the ¯eld equations
t hemselves. This equation sp eci¯ed the geodesic path followed by the particle in the
curved space-time in which it moved. In other words, one did not have separate equations
for the gravitational interactions between the matter present, and for the response of the
matter to these interactions. Everything was contained in one set of ¯eld equations. In
cont rast, a linear theory like Maxwell's equations for the electromagnetic ¯eld could only
describ e the (electromagnetic) ¯eld manifestation of (charged) matter, while the response
of the matter (or inertial manifestation) was contained in separate `equations of motion'.
Indeed, this is true of any linear theory { hence Einstein' s opposition t o regarding the
linear formalism of quantum mechanics as the ¯nal or underlying theory.
² For the ¯rst time in physics, a t heory predicted that the inertia of a system depended
on its surroundings. In keeping with Mach' s idea that inertia is a consequence of a body's
interactions with the rest of the universe, t he equations of general relativity showed that
t he inertia of a system increases when it is placed in the vicinity of other ponderable
masses. Inertia was no longer some inherent, given property of a system, but was at
least part ly determined by the environment. Einst ein's unful¯lled dream was to ¯nd a
fully uni¯ed ¯eld theory which would show that all of the inertia (and not j ust part of
it) was due to the interactions with the environment.
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13 Paul Adrien Maurice Dirac
(1902–84; Nobel Prize, 1933),
one of the founders of quantum
mechanics.
14 Hermann Weyl (1885–1955)
was one of the great mathema-
ticians – today, we would also
rank him as a pre-eminent math-
ematical physicist – of the 20th
century. His book Raum-Zeit-
Materie (Space-Time-Matter),
first published in 1918, was
highly influential for several de-
cades in spreading the ideas of
relativity among physicists and
mathematicians. Weyl also
played a prominent role in ap-
plying the ideas of symmetry
and group theory to physics, in-
cluding quantum mechanics.
T h e w e ll-k n o w n p h y sicist C h e n -N in g Y a n g (1 9 2 2 { ; N o -
b e l P rize , 1 9 5 7 ) w a s o n c e a sk e d b y D ira c 1 3 w h a t h e
(Y a n g ) re g a rd ed a s E in stein 's g re a te st d isco v ery . W h e n
Y a n g ch o se g e n e ra l re la tiv ity , D ira c d isa g ree d a n d o p in ed
th a t it h a d to b e sp e c ia l rela tiv ity, b e c a u se it sh o w ed fo r
th e ¯ rst tim e th a t sp a c e a n d tim e h a d to b e trea ted a n d
tra n sfo rm e d to g e th e r.
G e n e ra l rela tiv ity p ro v id e d fo r th e ¯ rst tim e a d ep e n d -
a b le la n g u a g e fo r d isc u ssin g p ro b le m s o f c o sm o lo g y { th e
b e h a v io u r o f th e u n iv e rse a s a w h o le. It a lso le d to th e
stu d y o f ex o tic o b je cts lik e b la ck h o le s. O n th e p ra c tic a l
sid e, th e G lo b a l P o sitio n in g S y ste m in cu rre n t u se ta k e s
in to a c co u n t th e e ® ec ts o f b o th sp e c ia l a n d g e n e ra l rel-
a tiv ity. If th is is n o t d o n e, th e G P S w o u ld g o h a y w ire
w ith in a b o u t a n h o u r. In th e la st fe w y ea rs, a sp e c ta c -
u la r c o n ¯ rm a tio n o f g e n e ra l rela tiv istic e ® ec ts h a s b ee n
fo u n d in a d o u b le -p u lsa r sy stem a b o u t 2 0 0 0 lig h t y ea rs
a w a y fro m u s. T h e p u lsa rs, sep a ra te d b y a d ista n ce o f a
m illio n k ilo m etre s, o rb it a ro u n d e a ch o th er w ith a tim e
p e rio d o f 2 :4 h o u rs. T h is tim e p erio d is a ® e c ted b y th e
stro n g g ra v ita tio n a l ¯ e ld s p re se n t (a b o u t 1 0 0 ,0 0 0 tim e s
stro n g e r th a n th a t d u e to th e su n ). A c o m p a riso n o f th e
o b serv ed v a ria tio n s in th e in te rv a l b e tw e e n th e p u lses a r-
riv in g h e re fro m th e sy stem w ith th e c a lcu la te d v a lu e s
sh o w s th a t th e p re d ic tio n s o f g e n e ra l rela tiv ity a re b o rn e
o u t to a n a sto n ish in g a cc u ra c y o f 9 9 :9 5 % .
S o o n a fter E in ste in p re sen te d g e n e ra l re la tiv ity , H e r-
m a n n W ey l1 4 in 1 9 1 7 { 1 8 su g g e ste d a n ex te n sio n o f R ie -
m a n n ia n g e o m e try fo r sp a ce -tim e , in v o lv in g w h a t h e
c a lle d th e g a u g e p rin c ip le, w h ich h e th o u g h t w o u ld u n ify
g ra v ita tio n a n d M a x w e ll's c la ssic a l e le c tro m a g n etism . A
few y e a rs la te r, T h eo d o re K a lu z a (1 8 8 5 { 1 9 5 4 ) in 1 9 2 1
a n d O sk a r K le in (1 8 9 4 { 1 9 7 7 ) in 1 9 2 6 in d e p e n d e n tly p u b -
lish e d th eir id e a s o n a n o th e r w a y to u n ify th e tw o fo rc es,
b a sed o n in c re a sin g th e n u m b e r o f d im e n sio n s o f sp a c e -
tim e fro m fo u r to ¯ v e { n a m e ly , fo u r sp a tia l d im en sio n s
a n d o n e tim e d im en sio n . K le in , in fa c t, p io n e e red th e
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15 With the important proviso
that the effects of spin are to be
incorporated. The origin of spin
is often believed to lie in relativ-
istic quantum physics, but is
actually a logical and rigorous
consequence of non-relativistic
quantum mechanics.
id ea th a t th e e x tra sp a ce d im en sio n w a s a c tu a lly c` u rle d
u p ' in to a tin y c irc le o f ra d iu s o f th e o rd e r o f th e P la n ck
le n g th , lP =
q
G h = c 3 » 1 0 ¡ 3 5 m etre s. H e a lso a d v a n ce d
th e id e a th a t th e q` u a n tiz a tio n ' o f ele ctric ch a rg e c o u ld
b e re la ted to a to p o lo g ic a l fea tu re su ch a s th e c u rlin g u p
o f a d im en sio n in to a circle . T h ese id e a s w ere e x trem e ly
o rig in a l a n d b ea u tifu l, b u t d id n o t su c c ee d o r le a d to
a n y p ro g ress a t th a t tim e. M a n y d e c a d e s la ter, h o w -
e v e r, th ey h a v e b ec o m e im p o rta n t, in a m o d i¯ ed a n d
e x te n d e d fo rm , in th e co n tex t o f strin g th e o ry .
7 . S p a c e a n d T im e in Q u a n t u m P h y s ic s
A ll th a t w e h a v e d iscu ssed so fa r h a s b e e n in th e rea lm
o f c la ssic a l p h y sic s. W e m u st n o w g iv e a t le a st a b rie f
a c c o u n t o f th e su rp risin g resu lts th a t e m erg e in q u a n tu m
th e o ry vis-µa -vis sp a c e a n d tim e .
T h e in itia l fo rm o f q u a n tu m m e ch a n ic s, c o m p lete d d u r-
in g th e p e rio d 1 9 2 5 { 2 7 , a ssu m ed th a t sp a c e a n d tim e
w ere N e w to n ia n , i.e ., n o n -re la tiv istic, a s w e w o u ld sa y
to d a y. T h is su ± c e s fo r m o st o f ch e m istry , a to m ic , m o le -
c u la r a n d e v e n n u cle a r p h y sic s.1 5 S o o n a fter, in 1 9 2 8 ,
D ira c fo u n d a d e sc rip tio n o f th e e lec tro n w h ich c o m -
b in ed th e (th e n ) n e w q u a n tu m m e ch a n ic s w ith sp e c ia l
re la tiv ity a n d w a s sp e cta c u la rly su cc e ssfu l. F ro m th e
1 9 3 0 's to th e 1 9 7 0 's a n d b ey o n d , th is le d to th e im p res-
siv e d ev e lo p m e n t o f q u a n tu m ¯ eld th e o ry in w h ich , to o ,
sp a ce -tim e is tre a te d a c c o rd in g to sp e c ia l re la tiv ity { so
th a t o n c e a g a in it (sp a ce -tim e ) re m a in s a sta g e fo r p h e -
n o m e n a . T h e th eo rie s o f th e stro n g , e le c tro m a g n etic a n d
w ea k in te ra c tio n s a re a ll o f th is fo rm . A lo n g th e w a y,
in 1 9 5 6 , T su n g -D a o L e e (1 9 2 6 { ; N o b e l P riz e , 1 9 5 7 ) a n d
Y a n g fo u n d th a t in th e w ea k p ro ce sses, su ch a s th o se re -
sp o n sib le fo r ra d io a c tiv e d e ca y s, sp a c e re ° e ctio n o r p a r-
ity is n o t a v a lid sy m m e try. T h a t is, n a tu re d o es d istin -
g u ish b etw ee n left-h a n d e d n e ss a n d rig h t-h a n d ed n ess a t
a fu n d a m en ta l le v e l, c o n tra ry to w h a t o n e m ig h t ex p ec t
i`n tu itiv e ly '.
Nature does
distinguish between
left-handedness and
right-handedness at
a fundamental level.
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16 As you may be aware, protons
and neutrons (via the quarks of
which they are composed), as
well as electrons, have intrinsic
magnetic dipole moments re-
lated to the spins of these par-
ticles. This does not violate time-
reversal invariance. We are now
speaking of intrinsic electric di-
pole moments, whose existence
would indicate such a violation.
A n a lo g o u s to sp a c e re ° ec tio n , w e h a v e tim e re ° ec tio n o r
tim e rev ersa l. T h e situ a tio n h ere is q u ite su b tle . T h e
in ex o ra b le m a rch o f tim e g iv e s u s th e n o tio n o f a n a r-
ro w o f tim e th a t a lw a y s p o in ts to th e fu tu re . A d ro p
o f in k th a t fa lls in to a g la ss o f w a te r d isp e rses sp o n ta -
n e o u sly in th e w a te r, till it b e co m e s v irtu a lly in v isib le.
It d o e s n o t re -a sse m b le in to th e o rig in a l d ro p , n o m a t-
te r h o w lo n g w e w a it. A ll o f u s a g e a n d g ro w o ld er; w e
n e v e r e v o lv e b` a ck w a rd s' fro m o ld a g e to in fa n c y . A n d
y e t, th e la w s g o v e rn in g a lm o st a ll k in d s o f tim e ev o lu -
tio n , b o th cla ssic a l a n d q u a n tu m m e ch a n ica l, a re { a t
th e fu n d a m en ta l level { a lm o st a lw a y s tim e -re v e rsa l in -
v a ria n t. T h a t is, th ey rem a in u n ch a n g ed w h e n th e sig n
o f th e tim e v a ria b le is ch a n g e d . T h e d e ep q u estio n , th en ,
is h o w th is m icro sco p ic reversibility in tim e lea d s, n e v -
e rth ele ss, to m a cro sco p ic irreversibility . T h e a n sw e r is
a su b je ct in itself, a n d w e sh a ll n o t g o in to it h ere . It is
re la te d , a s y o u m ig h t g u e ss, to th e sta tistic a l n a tu re o f
th e se co n d la w o f th e rm o d y n a m ic s a n d th e m e ch a n ism
b y w h ich e n tro p y in cre a ses sp o n ta n eo u sly. It is a lso re -
la ted to d y n a m ic a l ch a o s (o r e x p o n e n tia l se n sitiv ity to
in itia l co n d itio n s), a n d th e im p o ssib ility o f sp e c ify in g
th e se c o n d itio n s w ith in ¯ n ite p re c isio n . W e m u st a lso
m en tio n th a t a c o m p lete a n sw e r th a t is fu lly w ith in th e
p u rv ie w o f q u a n tu m m ech a n ics is n o t y e t k n o w n , a n d
th a t th e m a tter is th e su b jec t o f o n -g o in g re se a rch .
B u t th e re is y e t a n o th e r tw ist to th e ta le. T h e re is
n o w in d ire c t e v id e n c e th a t th ere is a c e rta in v io la tio n
o f tim e -rev e rsa l sy m m etry in th e fu n d a m e n ta l p h y sic a l
la w s th e m se lv e s. T h is is b a se d o n th e d isco v ery in 1 9 6 4
o f w h a t is ca lle d C P -v io la tio n in c erta in e le m en ta ry p a r-
tic le d ec a y s, fo r w h ich J a m e s W C ro n in (1 9 3 1 { ) a n d V a l
L F itch (1 9 2 3 { ) w e re a w a rd e d th e N o b e l P riz e in 1 9 8 0 .
A c o n se q u e n ce o f th e v io la tio n o f tim e -re v e rsa l in v a ri-
a n c e is th a t a p a rtic le su ch a s a n e lec tro n , o r a n e u -
tro n , o r a fre e a to m w ill h a v e a n in trin sic electric d ip o le
m o m en t.1 6 T h e se a rch fo r su ch a n e le c tric d ip o le m o -
The inexorable
march of time
gives us the notion
of an arrow of time
that always points
to the future.
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m en t is a n im p o rta n t e n d e a v o u r in e x p erim en ta l p h y sics,
a s it a m o u n ts to a te st o f th e v a lid ity o f a fu n d a m e n -
ta l p rin c ip le o f n a tu re . S e v era l la b o ra to ries a ro u n d th e
w o rld a re c u rre n tly e n g a g e d in th is p u rsu it (e .g . a t H a r-
v a rd , Y a le , C o lo ra d o , W a sh in g to n , a n d P rin ce to n in th e
U S , a n d Im p eria l C o lle g e a n d K V I G ro n in g en in E u -
ro p e), in clu d in g th a t o f o n e o f th e a u th o rs (V N ) a t th e
In d ia n In stitu te o f S cie n ce . T h e v io la tio n s o f p a rity in -
v a ria n c e a n d tim e -re v e rsa l in v a ria n c e m e n tio n e d a b o v e
su g g e st th a t n a tu re h a s so m e a sy m m e try b u ilt in to it:
e le m e n ta ry p a rticle in te ra c tio n s d o n o t e x h ib it th e d e -
g re e o f sy m m e try w ith re g a rd to sp a c e-tim e itse lf th a t
o n e m ig h t e x p e ct a p rio ri. T h ese a sy m m e trie s, in tu rn ,
h a v e im p lica tio n s in c o sm o lo g y a n d th e m a n n e r in w h ich
th e u n iv e rse h a s ev o lv e d fro m th e B ig B a n g . A s y o u
c a n see , a ll th e se a sp e c ts g o to sh o w h o w d ee p ly in te r-
tw in e d a re th e a p p a re n tly d iv e rse p a rts o f th e su b jec t o f
p h y sic s{ clea rly , n a tu re is a b o v e th e se a rti¯ cia l d istin c -
tio n s.
8 . W h a t D o e s t h e F u t u r e H o ld ?
F in a lly , w e c o m e to th e p ro b le m o f co m b in in g g en e ra l
re la tiv ity a n d q u a n tu m m e ch a n ic s. T h is p ro b lem h a s
b e e n a tta ck e d sin c e th e ea rly 1 9 3 0 's, b u t it h a s p ro v e d
to b e u n co m m o n ly d i± c u lt. In a v e ry rea l sen se, it m a y
b e re g a rd e d a s a n u` ltim a te p ro b le m ' o f so rts, a t lea st a s
fa r a s th e p h y sic s b u ilt u p o v e r th e la st fo u r c en tu ries o r
so is c o n c ern e d . A s th e ju ry is still o u t o n th is q u e stio n
w h a t w e g o o n to sa y n o w m u st b e re g a rd ed a s ten ta tiv e
a n d sp e c u la tiv e.
In re c en t d e ca d es, so m e p ro m isin g lin e s o f p ro g ress m a y
h a v e a p p e a re d in th e a ttem p ts to ta ck le th e p ro b le m .
T h e y in v o lv e q u ite n o v e l id e a s a n d , a lo n g w ith th e m ,
c o m p lica te d m a th e m a tic s to im p lem e n t th e se id ea s in a
c o n siste n t m a n n e r. In essen ce , it a p p e a rs th a t th e in g re -
d ien ts o r fea tu res n e c essa ry fo r a c o n siste n t a n d sa tisfa c -
to ry a m a lg a m a tio n o f g ra v ity a n d q u a n tu m m e ch a n ic s
The violations of
parity invariance and
time-reversal
invariance suggest
that nature has some
asymmetry built into
it.
The problem of
combining general
relativity and
quantum
mechanics is an
‘ultimate problem’
of sorts.
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a re lik e ly to b e , a t th e v e ry le a st, th e fo llo w in g : (i) th e
re p la ce m en t o f z e ro -d im e n sio n a l p o in t-lik e p a rticle s a s
th e u ltim a te fu n d a m e n ta l o b je c ts in th e u n iv erse b y
e x te n d e d o b jec ts, sp ec i¯ ca lly, o n e -d im en sio n a l strin g s ;
(ii) a sp a ce -tim e w ith a d im e n sio n a lity h ig h er th a n fo u r{
p e rh a p s a sp a c e -tim e w ith n in e sp a tia l d im e n sio n s a n d
o n e tim e d im en sio n , six o f th e sp a tia l d im e n sio n s b e in g
c u rle d u p (o r c` o m p a c ti¯ e d ') to a siz e w ith in th e P la n ck
le n g th , b u t in a fa r m o re (to p o lo g ic a lly ) in tric a te a n d
c o m p lica te d m a n n er th a n K lein a n tic ip a te d ; a n d (iii)
a n u n d e rly in g sy m m e try b etw ee n b o so n s a n d fe rm io n s
c a lle d su persym m etry th a t is sp o n ta n e o u sly b ro k e n in
th e p re se n t-d a y u n iv erse. T a k e n to g e th e r, th e y co n sti-
tu te th e b a sic fe a tu re s o f th e so -ca lled su p e rstrin g th e -
o ry .
W h a t is slo w ly em e rg in g is ev en m o re in te restin g , a n d
c u ts e v e n d e ep e r. O v er a n d a b o v e th e fea tu re s liste d
a b o v e , th ere a p p ea r to b e th eo retica l in d ic a tio n s th a t
th e re so lu tio n o f th e p ro b lem w ill e n ta il e v e n m o re d ra s-
tic re v isio n s o f o u r u n d e rsta n d in g o f b o th q u a n tu m m e -
ch a n ic s a n d sp a ce -tim e itse lf. F o r in sta n c e : th is u n i-
v e rse m a y b e o n ly o n e o f a v a st (o r e v e n in ¯ n ite ) a rra y
o f e v er-b ra n ch in g -o u t u n iv erse s in a m` u ltiv erse '; th e d i-
m en sio n a lity o f sp a ce -tim e m a y e m e rg e a s a d y n a m ic a l
p ro p erty o f th is u n iv e rse ; th e re m a y b e a n u ltim a te u n -
d e rly in g g ra n u la rity o r d iscre te n ess in th e v ery n o tio n s o f
le n g th a n d tim e d u ra tio n s; a n d sp a c e-tim e c o o rd in a te s
(e v e n in c lu d in g th e p o ssib le h ig h er-d im en sio n a l o n e s)
m a y h a v e to b e a u g m e n te d b y o th e r, i`n te rn a l' v a ria b le s
o f a d i® e ren t k in d in o rd er to p ro v id e a co m p le te d e -
sc rip tio n o f n a tu re a t th e m o st fu n d a m e n ta l le v e l.
T h e se a re b u t th e o re tic a l a n d m a th e m a tica l sp e c u la -
tio n s, a s y et. T im e w ill tell (!) w h e th er th e y a re c o rre ct,
a n d to w h a t e x ten t. W h ile th ere h a s b e e n a g rea t d e a l
o f p ro g re ss o n th e th e o re tic a l sid e o v e r th e p a st tw e n ty -
¯ v e y e a rs o r so , e x p e rim e n ta l a d v a n c es in e le m en ta ry
p a rtic le p h y sics h a v e la g g ed b eh in d . T h is p h a se la g is
There could be an
underlying symmetry
between bosons and
fermions called
supersymmetry that is
spontaneously broken
in the present-day
universe.
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ra th e r a n a n o m a ly , a n d th e e x p e rie n c e o f th e p a st fo u r
h u n d re d y e a rs su g g e sts stro n g ly th a t tru e p ro g re ss w ill
m o st lik e ly b e m a d e o n ly w h e n th e g a p b etw e en ex p eri-
m en t a n d th eo ry is red u c e d c o n sid e ra b ly . T h is is o n e o f
th e lea d in g re a so n s w h y p h y sic ists a re e a g e rly a w a itin g
th e ¯ rst resu lts fro m th e L a rg e H a d ro n C o llid e r (L H C ),
w h ich is e x p e c ted to g o o n stre a m a t C E R N , G e n e v a , in
th e v e ry n e a r fu tu re .
B u t it is g o o d to c o n c lu d e th is a c c o u n t h ere , see in g h o w
fa r w e h a v e c o m e fro m th e E g y p tia n fa rm e rs to ilin g o n
th e b a n k s o f th e N ile , fro m w h o se m u d th e su b je ct o f
g e o m e try w a s b o rn { a id ed b y th e u p w a rd lo o k in to th e
sk y , a n d th e ch a llen g e p o se d b y th e sp le n d o u r o f th e
c o sm o s stre tch in g o u t b e fo re th e e y e s o f h u m a n k in d .
Einstein, (shown here with Niels Bohr
in a photo taken by Paul Ehrenfest in
1925) was opposed all his life to the
“Copenhagen interpretation’’ of quan-
tum mechanics championed by Bohr.
The result was several public debates
with Bohr in the 1920s, and in 1926
Einstein wrote in a letter “I, at any rate,
am convinced that He [God] does not
throw dice.’’ In 1935, he wrote a path-
breaking paper on what is now called
the EPR paradox, which brought out
the inherent nonlocality in quantum
mechanics. From: Wikipedia
